One of the most frequent injury patterns leading to early death of polytraumatized 15 patients is hemorrhagic shock combined with traumatic brain injury. Currently, there 16 33 ml/kg of HTS or WB. Taken together, resuscitation with WB at 9-18ml/kg or HTS at 34 9ml/kg is optimal for treatment of combined injury. 3 35
is no agreement on the best treatment protocol of such injury. This study was aimed 17 to compare the outcomes of resuscitation with various volumes of hypertonic saline 18 (HTS), whole blood (WB) and fresh frozen plasma (FFP) in a rat model of penetrating 19 brain injury combined with controlled hemorrhagic shock in order to look for optimal 20 treatment. Anesthetized rats were intubated and ventilated. 30% of circulating blood 21 volume was withdrawn following open brain injury, and intravenous resuscitation 22 with various volumes of HTS, WB and FFP (3, 9, and 18 ml/kg) was administered. 23 Blood samples were collected during the experiment for measurements of lactate 24 and base excess levels, and before sacrifice for neutrophil counts. Twenty four and 25 48 hours after the injury, rat's neurological status was examined. Rats were, then, 26 sacrificed and pathological studies of brain and lung sections were performed. 27 Regardless of fluid type, resuscitation improved the mean arterial pressure and 28 lactate levels in accordance to fluid's volume. However, base excess was improved 29 only when rats were treated with WB and FFP. Improvement in behavioral 30 performance of the rats was observed when treated with 3 and 9 ml/kg HTS or with 31 18 ml/kg WB or FFP. Blood and lung neutrophils were reduced in rats treated with 9 32 or 18 ml/kg WB. Mortality rates were reduced in rats administered with 9 and 18 Introduction 36 Multiple trauma is among the leading causes of death and permanent 37 disability during injuries [1] . One of the most frequent injury patterns leading to 38 early death of polytraumatized patients is hemorrhagic shock combined with 39 traumatic brain injury (BI) [2] . Hemorrhagic shock is characterized by decrease in 40 mean arterial pressure (MAP), hypoxia, metabolic acidosis and coagulopathy [3] . 41 Traumatic BI is increased by injuries such as: hypoxia and hypovolemia, which 42 exacerbate brain ischemia and raise the probability of mortality [4] . 43 According to Advanced Trauma Life Support (ATLS) recommendations, fluid 44 resuscitation should begin with 2L of crystalloid solution. If the patient does not 45 respond to initial crystalloid administration, blood products should be added. The 46 recommended ratio between packed red blood cells (PRBCs) and fresh frozen plasma 47 (FFP) is 1:1, starting with administration of PRBCs to ensure adequate oxygen 48 delivery, and FFP and platelets are added at a later stage [5] [6] [7] [8] [9] . This resuscitation 49 protocol raises two issues that should be addressed: First, aggressive crystalloid 50 administration to patients with BI may lead to brain swelling due to transition of 51 fluids into the interstitial space, which in turn may aggravate the secondary BI [10, 52 11]. Second, according to Harhanghi et al., one out of three patients with traumatic 53 BI arrives at the hospital with signs of coagulopathy due to dilution of the blood by 54 resuscitation fluids and consumption of coagulation factors [12] . This coagulopathy 55 correlates with increased incidence of secondary brain injuries [13] and may 56 contribute to increased mortality [14, 15] . Thus, several previous studies suggested 4 57 that the use of earlier administration of FFP and higher ratio between PRBCs and FFP 58 may be beneficial in acute coagulopathic patients [9, 16, 17] . 59 Animal studies using controlled hemorrhagic shock (CHS) combined with BI 60 have shown that HTS treatment was beneficial in comparison to isotonic crystalloids 61 in reducing intracranial pressure and brain edema and in behavioral and neuronal 62 recovery [18] [19] [20] [21] [22] . BI models used in these studies were models of blunt brain injury. 63 To our knowledge, no study tested the response of HTS or FFP on CHS combined 64 with penetrating BI (e.g. gunshot wounds, missiles). This mechanism of impact, 65 although less prevalent than blunt injury, has much worse prognosis due to 66 distortion of tissues that lie directly in the path of the projectile, increased chance of 67 hemorrhage from the open wound and increased probability of infections in the 68 brain tissue [23] . 69 The goal of the present study was to search for the optimal treatment by 70 comparing HTS, FFP, and whole blood (WB) on a rat model of penetrating BI 71 combined with CHS, using various resuscitation volumes. Guide for Care and Use of Laboratory Animals. All surgery was performed under 80 sodium pentobarbital anesthesia, and all efforts were made to minimize suffering. 81 Rats were divided into 13 groups: sham operated animals (n=8), animals 82 subjected to BI (n=12) or CHS (n=8) and animals subjected to combined injury (n=16). 83 In the other nine groups, animals were subjected to combined injury and treated for 84 one hour with WB, FFP or HTS in three different volumes (n=10-14). of the surgical procedure, the tubing was removed, and the femoral arteries and vein 96 were ligated. BI was induced using the "dynamic cortical deformation" model, as 97 previously described [24, 25] . Briefly, after scalp insicion, 5 mm diameter burr hole 98 was drilled in the left parietal region, the dura was removed and negative pressure 99 of 300 torr (40kPa) was applied to the cortical surface for 10 sec. The skin was Resuscitation fluids 125 A group of animals served as blood donors. Lewis rats were used therefore 126 blood typing was not necessary before transfusion. Blood was withdrawn through 127 the carotid artery into a sterile tube containing citrate phosphate dextrose-adenine. 128 Whole blood was stored at 4˚C. For FFP preparation, blood was centrifuged at 3,300 129 RPM, the supernatant was separated and stored at -20˚C. HTS (7.5%) was freshly 130 prepared for each group. Three volumes were used with each type of resuscitation 131 fluid: 3 ml/kg (low), 9 ml/kg (moderate) or 18 ml/kg (high). Transcardial perfusion with 120ml of heparinized saline followed by 120 ml of 149 4% formaldehyde was conducted, as previously described [25] . The brain and a 150 section of the right lung lobe were removed, fixated with 4% formaldehyde, and 151 embedded in paraffin, for histological examination. 152 Brain tissues were stained with NeuN antibody, as previously described [25] . The first 24 hours after the injury were critical for the survival of the rats. 164 During this period, while no mortality was observed in groups subjected to 165 penetrating BI or CHS alone, the combination of both resulted in mortality rate of 166 38% (CI, Fig 1B) . Treatment with low volume of resuscitation did not improve 167 mortality in neither group, however treatment with moderate and high volumes of 168 WB and HTS significantly reduced mortality rate to 10% and lower (Fig 1B) . (Figs 1D-F) . 178 Importantly, blood pressure of 75% of rats that died during the study was lower than 179 80mmHg at the end of 1 hour observation/ resuscitation period. 05, Figs 3C and D) , however, only 192 low volume HTS treatment resulted in improved BE levels (P<0.05, Fig 3B) . Twenty four and 48 hours after the injury, rats' neurological status was tested 212 using the neurological severity score (NSS) grading system. Rats that were subjected 213 to combined injury had higher severity score compared to rats subjected to BI alone, 214 measured 24 (score of 6.6±1.3 compared with 3.3±1, P <0.05) and 48 (score of 215 5.4±1.2 compared with 1.5±0.8, P< 0.005) hours after brain trauma (Fig 4A) . NSS of 216 sham and CHS rats was "0", presenting no neurological dysfunction. Improved NSS 11 217 scores were observed in rats treated with high volume of blood fluids, and limited 218 and moderate volumes of HTS, 48 hours after the injury (P<0.05 CI vs. WB-h, FFP-h, 219 Pathological examination of brain tissues which lay adjacent to the damaged 236 area revealed that the shape and size of neurons in these areas were changed: 237 neuronal cells were shrunk, with small amorphous nuclei in comparison to the round 238 shape in healthy brain tissue (Fig 4E) . The amount of neurons in this area was 239 significantly lower in BI and CI groups, compared to the parallel area in sham and 12 240 CHS brains (P<0.05 BI, CI vs. CHS, sham, Fig 4F) . The amount and morphology of 241 neurons was not improved by either resuscitation protocol used.
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HTS-l, HTS-m Figs 4B-D).
242
Immunological response 243 Forty eight hours after the injury, the amount of neutrophils in the circulation 244 was measured. Significantly high neutrophil counts in the blood were found in BI, 245 CHS, and CI groups, compared to sham operated rats (P<0.05, Fig 5A) . Since elevated 246 neutrophil counts in the circulation can lead to invasion of these neutrophils into the 247 lungs, we examined the lung tissue by immunohistochemical staining. As we 248 suspected, high amount of neutrophils invaded the pulmonary tissue after the 249 trauma (P<0.05 BI, CHS, CI vs. sham, Figs 5C and D) . Additionally, lung tissue of rats 250 subjected to combined injury was thicker with swollen alveolar walls, compared to 251 lung tissue of sham rats. Treatment with moderate or high volumes of WB resulted 252 in lower neutrophil counts in the circulation (P<0.05, Fig 5B) , and decreased 253 neutrophil recruitment to the lungs (P<0.05, Figs 5C and D) . The goal of this study was to establish resuscitation protocol for treatment of 271 penetrating BI combined with controlled hemorrhage. Using three types of 272 resuscitation fluids -HTS, WB, and FFP, we aimed to determine the best 273 resuscitation fluid and best resuscitation volume to be used for beneficial 274 neurological outcome. 275 Since most of the studies on BI use the fluid percussion injury model, which 276 imitates blunt injury, we chose to use a model of focal penetrating BI, the prognosis 277 of which is much worse clinically [23] . The method of dynamic cortical deformation 278 was originally described by Shreiber [24] , and was characterized in respect to the 279 extent of the damage. It was shown that the impact area was clearly delineated and 280 differentiated from spared surrounding brain tissue [24, 26] , and that the amount of 281 apoptotic cells and inflammatory markers in the perilesional area were increased. In 282 our previous study, using this method, we did not see changes in the neurological 283 damage between rats subjected to isolated BI or those subjected to combined injury, 284 and no mortality was observed in the CI group [25] . Therefore, in the present study, 285 we improved the model by reducing the extent of BI, adding mechanical ventilation, 286 and prolonging the bleeding period. As a result, we were able to show that the 14 287 combination of HS with BI exacerbated hemodynamic and metabolic measurements 288 caused by HS, and intensified the cognitive and coordinative disabilities of the rat 289 caused by BI, as well as elevating mortality rate to 38%. 290 Hemorrhagic shock resulted in metabolic acidosis, characterized by low BE 291 and high lactate levels in the blood. Improvement in MAP and lactate levels was 292 observed in volume-dependent manner in all resuscitation groups, however, BE 293 levels were not improved in rats treated with moderate or high HTS volumes, despite The normalization of physiological signs is crucial to survival after trauma, 300 thus we assumed that faster improvement in these parameters will result in better 301 survival during the first 24 hours after the injury. Surprisingly, increasing the volume 302 of resuscitation did not improve survival rate in FFP treated rats to an extent similar 303 to WB or HTS treatments. In the latter, mortality was decreased from 38% to 10% 304 and lower. 305 The dynamic cortical deformation model creates permanent displacement of 306 the cortex and a part of hippocampus. In order to evaluate the extent of the brain 307 damage we performed neurological assessment using the NSS test, which is the 308 animal parallel to Glasgow Coma Scale in humans with an inverse grading system. 309 The results showed that neurological condition of rats subjected to combined injury 15 310 was significantly worse in terms of mobility, balance, and hindquarter movement 311 than that of rats subjected to isolated BI. In addition, pathological assessment of 312 cerebral damage showed extended destruction of the perilesional area in CI brains 313 compared to BI brains. Although resuscitation did not result in improved neuronal 314 count and morphology in the perilesional area, improvement in the neurological 315 condition was observed in rats treated with high volumes of blood fluids and low and 316 moderate volumes of HTS, indicating lower extent of secondary injury. 317 Trauma triggers the immune system, which results in augmented production 318 of cytokines and activation of neutrophils [28] . These activated neutrophils migrate 319 through the circulation, and infiltrate primarily to the lungs, as this is the first 320 capillary bed that receives blood from injured and post-ischemic tissues [29] . In our 321 study, 48 hours after injury, the amount of neutrophils in the blood of rats subjected 322 to isolated or combined injuries was significantly elevated in comparison to sham 323 operated rats. In addition, neutrophil sequestration into the lung was found in all 324 injury groups, and lung tissue of CI rats demonstrated signs of acute lung injury. 325 Resuscitation with moderate or high WB, but not FFP or HTS, reduced the amount of 326 neutrophils in the blood and in the lungs of rats compared to untreated rats. 327 In our previous study we showed that limiting Ringer's Lactate resuscitation 328 to 10ml/kg was found beneficial for the rat's neurological improvement. Here we 329 show that the use of 9ml/kg of hypertonic solution resulted in two-fold reduction of 330 the NSS score. Two clinical trials were performed recently in an attempt to compare 331 HTS and isotonic resuscitation, in patients with severe brain injuries (Glasgow Coma 332 Scale less than 9) [30, 31] The improvement caused by administration of moderate resuscitation volume was 366 comparable to that of the high volume, probably due to similar elevation in 367 hematocrit levels (S2 Fig) , thus we conclude that using moderate (9ml/kg) volume 368 for resuscitation is enough to improve the outcome in this model. To summarize, our 369 recommendation for treatment of multiple-trauma patients with brain injury is 370 primarily administration of WB or blood components in ratio of 1:1 when available at 371 pre-hospital setting. In the case when blood components are not available, HTS 372 would be a preferable resuscitation solution in a dose of 9 ml/kg. 373 An important further step in the field of resuscitation fluids in head trauma 374 patients is examination of combinations of PRBCs, FFP and HTS in this model. In 375 addition, our next goal is to test the best resuscitation protocol in a model of 376 penetrating BI combined with uncontrolled HS. 
